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Abstract

It has generally been assumed that metals usually fail as a result of microvoid
nucleation induced by particle fracture. Here we concentrate on high-density micropores
filled with hydrogen in aluminium, whose existence has been largely overlooked until
quite recently. These micropores exhibit premature growth under external loading,
thereby inducing ductile fracture, whereas the particle fracture mechanism operates only
incidentally. Conclusive evidence of a micropore mechanism is provided by the
observation of an instantaneous release of gas at failure. We can therefore conclude that
the growth of micropores dominates ductile fracture. Since the material we used has a
standard pore density, we can assume that an identical fracture mechanism operates in
other aluminium alloys. This finding suggests that intense heat treatment, which is
generally believed to enhance the mechanical properties through homogenisation, may
have entirely the opposite effect. This revelation will have a major impact on the

engineering design of metals.
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1. Introduction and background

Monotonic fracture in metals begins with the initiation of microvoids induced
by the damage initiation at particles [1]. The fracture is then terminated by the
formation of a new surface, which is called a fracture surface, through the growth [2]
and coalescence [3] of the microvoids. The process, which is called ductile fracture, is
common and occurs in almost all structural metallic materials [4,5]. A great deal of
work has been undertaken to obtain a complete understanding of this process from
various viewpoints ranging from the nanoscopic level, where the dislocation theory
applies, to the meso- and macroscopic levels, where continuum mechanics is required.
Today, this process is taken for granted in our understanding of the fundamental strength
of materials, and appears in every textbook dealing with the field [4,5]. It would not be
an exaggeration to say that modern structural materials have been developed by
controlling material characteristics, taking into account the above-mentioned fracture
mechanism [6].

In terms of the damage initiation at particles, it is well-known that ordinary
modes of damage initiation involve either fracture of secondary-phase particles
dispersed in the metals or debonding at the metal/particle interface [1]. Although
microvoids can nucleate at slip band intersections in titanium alloys and Incoloy [7],
this is not typical microvoid nucleation mechanism. The damage initiation at particles
has been extensively investigated in both experimental and modelling studies to date. It
has been reported that microvoid nucleation is strongly influenced by particle radius,
particle shape and particle volume fraction [7]. According to Gangulee et al., particle

fracture increases with d¥2/f3, where d is particle diameter and f is particle volume



fraction. Experimental evidence also suggests that particle damage occurs first at larger
particles among dispersed particles that usually have a certain amount of distribution in
particle size [8,9]. Mechanical properties of materials have therefore been assumed to
be affected by these parameters. For example, some theoretical approaches show that
tensile ductility increases with decreasing particle size [10] and volume fraction’, which
has also been verified experimentally [11]. In light of these insights, industrial
homogenisation and solution heat treatments are usually undertaken to reduce relatively
coarse particles by exposing materials at a sufficiently high temperature for a
sufficiently long time wherever possible.

In this connection, recently developed high-resolution X-ray microtomography
[12,13] has revealed the existence of high-density micropores that are formed in almost
all aluminium alloys by the precipitation of molecular hydrogen[14,15,16]. In general,
the hydrogen content in aluminium alloys is 3 — 4 orders of magnitude larger than
hydrogen solubility, due mainly to the existence of a hydrogen solubility gap at the
melting temperature of aluminium. The supersaturated hydrogen cannot be easily
released due to the presence of a surface oxide layer. It has been revealed by the present
authors that excess hydrogen in solid aluminium is predominantly partitioned as
molecular hydrogen gas in micropores [15]. The occupancies of other trap sites, such as
normal interstitial lattice sites, solute atoms, dislocations and grain boundaries, are
elevated with further increases in hydrogen concentration [15]. The number of such
pores reaches about 8,000 — 70,000 per 1 mm? even in wrought aluminium alloys [17].
It has been reported that secondary porosity in aluminum alloys does not close through
subsequent extensive plastic deformation, such as that caused by hot and cold

rolling[18,19]. Nevertheless, the high-density micropores have remained unnoticed in



conventional cross-sectional observations, mainly because they easily fill with the
abrasion powders when samples are cut and polished. The discovery of their existence
has evoked a sense of wonder in materials scientists and engineers, who have usually
engaged in surface and cross-sectional observations.

It has been reported that the mechanical properties of aluminium alloys are
sometimes sensitive to the presence of micropores. For example, large variability in
mechanical properties such as ductility, strength and fatigue characteristics has usually
been attributed to the existence of high density micropores in cast alloys[17,20,21]. It
has also been reported that tensile strength decreases rapidly when the volume fraction
of micropores increases up to 0.5 — 1 % [22]. It seems that the mechanisms for such
rapid decrease in tensile strength with a limited amount of micropores have not been
fully clarified. Recently, it has been revealed that micropores are associated with ductile
fracture mechanism in some wrought aluminium alloys [22,23]. According to 3D/4D
(i.e., time axis and Euclidean space) observations, micropores began to expand from an
early loading stage, while the above-mentioned particle damage was observed after
plastic strain had accumulated. It has therefore been concluded that hydrogen
micropores contribute to some extent to ductile fracture. Since micropores are directly
formed on dispersion particles as the result of heterogeneous nucleation during
solidification or the initial stage of heat treatment [15], it is reasonable to assume that
micropores can grow under tension before microvoids caused by particle damage are
initiated.

In the present study, we examine this hypothesis by employing high-resolution
4D observations combined with the recently developed microstructural tracking

technique [19,24,25]. A detailed examination of the 4D characteristics of micropore



growth is utilised to discuss the contributions of micropores to ductile fracture. This
study also proposes a 4D image analysis method to correlate fracture surface to fracture
origins embedded in materials before loading. This procedure has clear advantages over
the previous simple observations because it provides unique possibilities for detecting

fracture origins in a quantitative manner.

2. Experimental methods

2.1 Sample preparation

The material used was an AA2024 aluminium alloy with a high tolerance to
damage, which is employed to fabricate structural members for aircraft. It was re-melted
in a vacuum (about 1 Pa) and then cast into an iron mould in the laboratory. This alloy is
hereinafter called material LH to indicate its low hydrogen content. The same alloy was
also melted in ambient laboratory air (hereinafter called material HH). The vacuum
fusion method was utilized to measure the total hydrogen content of each material. The
alloy cast had a chemical composition of 4.447 Cu, 1.462 Mg, 0.452 Mn, 0.150 Zn,
0.170 Fe, 0.047 Si, 0.022 Ti, 0.012 Cr, 0.006 Zr, 0.003 Pb, 0.003 Ni, and balance Al in
mass %.

The ingots were homogenised at 673 K for 28.8 ks, hot-rolled at 673 K by
50 % and cold-rolled by 50 % before applying a solution treatment at 768 K for 7.2 ks
and an ageing treatment at 533 K for 86.4 ks. Small I-shaped specimens (typically 0.6
(Width: W) x 0.6 (Thickness: B) x 11 (Length: L) mm) for tomographic observation
were carefully machined using an electrodischarge machine wire eroder so that tensile

load is applied in the L—T orientation. Plate specimens for hydrogen measurement, with



gauge section of 5 (W) x 1 (B) x 10 (L) mm, were also prepared.

2.2 Tomographic imaging

A high-resolution X-ray CT experiment was performed using the X-ray
imaging beamline, BL20XU, of the Japanese synchrotron radiation facility, SPring-8. A
material test rig specially designed for X-ray CT was positioned approximately 242 m
from the X-ray source. A monochromatic X-ray beam with a photon energy of 20 keV
generated by a liquid nitrogen-cooled Si (111) double crystal monochromator was used.
An image detector consisted of a cooled 4000 (H) x 2624 (V) element CCD camera
(effective pixel size of the camera: 5.9 pum), which was used in 2 x 2 binning mode, a
single crystal scintillator (Lu2SiOs:Ce) and a lens (x20). The image detector was
positioned 55 mm behind the sample, thereby making the imaging system sensitive to
phase modulation. The in-situ loading stage allowed the specimen to be scanned under
monotonic tensile loading. The first tomography scan was performed without loading,
and the subsequent 12 and 9 scans were performed during loading for materials LH and
HH, respectively. Fractured specimens were also scanned. In total, 1500 radiographs,
scanning 180 degrees, were obtained in 0.12-degree increments. The entire
cross-section of the specimen and a region about 622 um high were captured on the
CCD camera. Image slices were reconstructed from a series of projections based on the
conventional filtered backprojection algorithm. An isotropic voxel with a 0.5 um edge
was achieved in the reconstructed slices. The grey value in each dataset was calibrated
such that the linear absorption coefficient of 0 ~ 50 cm™ fell within an 8-bit gray scale

range between 0 and 255.



2.3 Image analysis procedure

To estimate the volume of each micropore at sub-voxel accuracy, pentagonal
facetted iso-intensity surfaces were computed from the volumetric data set using the
conventional Marching Cubes algorithm. A threshold value for obtaining binary images
was chosen as 13 and 190 for micropores and particles, respectively. To suppress
inaccuracies originating from image noise, only micropores over 23.168 voxels in
volume were counted as micropores and particles in the quantitative analysis. Volume, V,
surface area, A, and the centre of gravity are measured in the tomographic images. The
equivalent diameter for a sphere of equal volume, and the sphericity, were defined as

follows;
d=233V/4r (1)

Sp:3V367N2/A (2)

Precise image registration was then performed before the particles and
micropores were tracked, using a transformation matrix, which minimizes the sum of
the distances between identical microstructural features captured at neighbouring scan
steps. The particles and micropores were tracked throughout tensile loading by
employing the matching parameter method with the modified spring model [24,25].
Coefficients o, B and y in the matching probability parameter used in reference [24] and
[25] were determined as 0.4, 0.3 and 0.3, respectively, after systematically searching for
the optimum condition in a preliminary trial. In the preliminary trial, 100 particles or
micropores were randomly selected in each condition in order to search the optimum
condition with a success ratio close to 100 %. The coefficient values were varied at 0.1
intervals between 0 and 1. Tracking errors for all the 100 particles or micropores were

subjectively checked in 3D images in each condition.
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2.4 Real-time measurement of hydrogen desorption during tensile tests
Tensile tests were performed in-situ in an ultra-high vacuum chamber equipped
with a quadrupole mass spectrometer and a turbomolecular pump, monitoring the
partial pressure of hydrogen outgassing from a specimen. Specimens were subjected to
tension until fracture at room temperature. Hydrogen desorption from the specimens
was detected at 2.4 ms intervals for five seconds around the moment of fracture, and at

100 ms for the rest of the tensile deformation.

3. Damage and fracture behaviour during tensile loading
3.1 Microstructural features of the materials used

The total hydrogen content, which is expressed as the equivalent volume of
hydrogen gas at 0 °C and 1 atm per 100 g of aluminium, was 0.48 and 0.72 cm? per 100
g of Al for materials LH and HH, respectively. The total hydrogen content for material
LH falls within the reported hydrogen content range of about 0.11 to 0.60 cm?® per 100 g
Al for ordinary wrought aluminium alloys [26], while that of material HH is slightly
higher than the range. 3D observations showed that the two materials contained almost
spherical micropores (Fig. 1 (b)) with relatively narrow size distributions, centred at 2.5
um as shown in Fig. 1 (a). Average micropore diameter is about 2.5 and 2.8 um, and the
number density of micropores is 156,300 and 163,700/mm?3, for materials LH and HH,
respectively. The reason why the average micropore diameter is similar between the two
materials, in spite of the roughly 50 % difference in total hydrogen content, is that if
Ostwald ripening dominates, average diameter is independent of total hydrogen content
[15]. Average micropore size has been reported for several kinds of wrought aluminium
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alloys using high-resolution X-ray microtomography. Average micropore size for
AA2024, AA5154, AA6061, AA7475 aluminium alloys and Al-5.5 mol. % Mg alloy is
reported to be 7.2 [14] /4.3 [22], 5.3 [23], 2.62 [17], 3.40 [17] and 3.5-3.6 [15] um,
respectively, suggesting that the average micropore diameter of the materials used in the
present study is relatively small. In contrast to the huge number of pores, the pore
volume fraction is only 0.19 and 0.27 % for materials LH and HH, respectively. The
pore volume fraction values for the present materials were comparable to the reported
values of 0.254 % [14] and 0.20 %[22] for commercial 2024 aluminium alloys that have
been supplied from manufacturers. Under the thermal equilibrium assumption that the
surface tension of a metal is balanced by an opposing gas pressure inside each pore [15],
about 71 (LH) to 63 (HH) % of the solute hydrogen is estimated to be trapped in
micropores.

The shape and size of dispersion particles are shown in Fig. 1 (c) and (d). The
number density of dispersion particles is 670,800 and 537,800/mm?® for materials LH
and HH, respectively. It can be inferred that the number of dispersion particles is
sufficient to derive internal local displacement fields in high density. Almost all the
hydrogen micropores were adjacent to dispersion particles, as shown in Figs. 2 and 3.
This is because dispersion particles provide energetically favourable sites for the
heterogeneous nucleation of hydrogen when supersaturated atomic hydrogen is
precipitated as molecules [15]. It therefore implies that micropores are formed on

dispersion particles simultaneously with hydrogen precipitation.

3.2 Micropore growth and coalescence behaviours during loading

Since micropore growth and coalescence behaviours, and their overall
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contribution to the ductile fracture, are not apparently different between materials LH
and HH, only the results for material HH are introduced in this section due to
limitations of space.

Figure 4 shows a stress-strain curve in which the 10 loading steps for 3D
observations are indicated. The vertical lines above the loading step numbers in Fig. 4
indicate relaxation behaviour of the material during the 20-minute ageing before each
scan, which was performed to suppress the occurrence of blurring caused by the
relaxation behaviour during scanning.

Figure 2 also shows the 3D distribution of dispersion particles (highlighted in
light blue), micropores and microvoids (both highlighted in red) within part of a
rendered volume in material HH. A large number of particles, which exhibit
inhomogeneous distribution, are observed in the specimen. Although it is not so obvious
at this magnification, micropore growth and/or damage initiation and growth is
gradually observed from the early loading stages. It is noteworthy that although
considerable damage had accumulated just before the final fracture (Fig. 2 (g)) from a
macroscopic point of view, almost no micropores and/or damage is observed in some
areas in Fig. 2 (g) in which no particles are locally observed in the initial image shown
in Fig. 2 (a). This implies that damage is inevitably associated with either particle
fracture or micropore growth that is adjacent to particles. The final fracture surface
exhibits the cup-and-cone pattern with the final shear of the specimen, which is typical
of the ductile fracture in aluminium alloys. In order to investigate the micropore growth
and coalescence behaviours during loading in more detail, the largest crack observed in
the last loading step, which can be identified around the central part of Fig. 2 (g), has

been extracted in Fig. 5 (j). Micropores and microvoids that have coalesced into the
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largest crack have been extracted in Fig. 5 (a) — (i). Only pre-existing hydrogen
micropores are visualised in Fig. 5 (a), while the other pores that were initiated during
the subsequent loading steps are microvoids due to particle fracture. The extracted
micropores and microvoids have been identified by tracking them in reverse
chronological order. It can be confirmed in Fig. 5 (b) that pre-existing hydrogen
micropores had already begun to grow before the 1st loading step, which is well before
the maximum load; and the earliest coalescence of the micropores was already observed
at the 1st loading step. At the 2nd loading step, which almost corresponds to the
maximum load at which localised deformation usually begins, newly initiated
microvoids were observed, as indicated by blue arrows in Fig. 5 (c). There existed a few
micropore/microvoid groups, labelled as A - E in Fig 5 (c) and (f).
Micropores/microvoids in each group were gradually coalesced before the 5th — 7th
loading steps. The micropore/microvoid groups were then interconnected through the
initiation of intervening microvoids. For example, groups A, B and D were merged into
a relatively large crack at the 6th loading step. Rapid growth of intervening microvoids
is clearly shown in regions G and F in Fig. 5 (i). It can be inferred that stress
concentration and the generation of a tri-axial stress state provide sufficient driving
force for the growth of intervening microvoids, resulting in the formation of the large
crack located in the central region of the fracture surface. The six blue solid arrows in
Fig. 5 (j) indicate lateral extension of the large crack that is caused by the similar stress
concentration. The black dotted arrows 1 — 8 in Fig. 5 (j) indicate eight hydrogen
micropores that can also be confirmed in Fig. 5 (a). It is interesting to note that the
pre-existing micropores exhibited characteristic predominant growth in the loading

direction.
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Fig. 3 (a) - (d) also shows the magnified views of the interior of the material
during deformation. Generally, void initiation caused by particle fracture occurs after
the maximum load has been reached [1-3]. Fig. 3 (b) corresponds to its vicinity.
Pre-existing hydrogen micropores are highlighted in red and yellow. Of these, the
yellow pores coalesce and merge into a fracture surface later. At this stage these
micropores are observed together with the initiation of microvoids (highlighted in dark
blue). It should be noted that the hydrogen micropores are much larger than the
microvoids. There are seven yellow micropores in this field of view, and they have
already coalesced with neighbouring micropores at the stage shown in Fig. 3 (b).
Particle A exhibits multiple fractures owing to its size and irregular shape, leading to the
formation of several relatively coarse microvoids. The microvoids subsequently
coalesced, and a crack originated from the hydrogen micropores in Fig. 3 (d). Although
the number of microvoids increases more with loading than the number of hydrogen
micropores, we can conclude that the pre-existing hydrogen micropores dominate the

fracture process from a relatively early stage.

4. ldentification of fracture origins

4.1 Fracture trajectory analysis

To quantitatively assess the role of the pre-existing micropores in
relation to the entire fracture, we analysed the process by which a fracture surface is
formed. The central portions of the fracture surfaces, where typically a dimpled
appearance is observed, were extracted as the regions of interest for the fracture

trajectory analysis, as shown in Fig. 6. We extracted 500,000 equally-spaced position
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coordinates from each fracture surface (i.e., one side) in the tomographic images, so that
we could accurately reproduce the configuration of the fracture surfaces. Reproduced
fracture surfaces for materials LH and HH are shown in Fig. 7. The sampling pitch is
narrower than that of the 3D image (i.e., an isotropic voxel with a 0.5 um edge),
providing reasonable reproducibility of the fracture surfaces that have significant
fracture surface roughness. To estimate the subsequent fracture path in the image
obtained before loading, these position coordinates were tracked backward in time from
the fracture surface image toward the initial, pre-load state. All the dispersion particles
embedded in the entire field of view (16,667 particles) were tracked during loading, as
was described in Section 2.3. The physical displacements between neighbouring loading
steps, of all the particles located within a search area, were used to predict the invisible
trajectory for each fracture surface location. The search area is 22.2 ~ 29.7 um, which
was determined such that at least five particles were embedded in the area. To predict
the invisible trajectory for each fracture surface location, scattered data interpolation
was performed using radial basis functions. Radial basis functions can provide
interpolants to function values given at arbitrarily positioned particle locations,
providing excellent approximations of the underlying local displacement field. The
Gaussian interpolation matrix was used for this purpose because of its smoothness and

rapid decay.

4.2 The results of the fracture trajectory analysis
Figures 8 and 9 show the estimated fracture paths (yellow and blue lines for
upper and lower fracture surfaces, respectively) in images obtained before and during

loading. The fracture surfaces shown in Figs. 8 and 9 (d) are obliquely directed, with
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significant surface asperity. The estimated fracture paths in the image obtained before
loading are, however, relatively flat, suggesting that the significant fracture surface
roughness can be attributed to complex local deformation during the fracture process. It
would appear in Figs. 8 and 9 (a) that the predicted fracture paths connect agglomerated
particles. Since there is a tendency for many hydrogen micropores to form on particles
in such regions [15], it is hard to assess the actual fracture mechanisms using these data
alone. Accordingly, micropores that are located along the estimated fracture paths
before loading have been identified and tracked chronologically to match them with
dimple patterns on the fracture surfaces. Each dimple is a basic structural unit that
corresponds to a single local fracture event.

Fig. 10 shows 3D fracture surface images. The regions highlighted in yellow in
Fig. 10 originated from hydrogen micropores. These regions occupy a fractional area of
about 41.5 and 39.0 % of the entire fracture surfaces for materials LH and HH,
respectively. The characteristic effects’ of the micropores in the two materials are not
significantly different. It seems that the yellow regions are connected in a somewhat
reticulate manner, while the fracture surface formed by particle damage fills the
remaining spaces. This is consistent with the tendency toward prior micropore growth
seen in Figs. 3 and 5, and supports the view that this growth dominates the entire ductile
fracture process beyond the obtained fractional area values. The summary of the
fracture trajectory analysis is shown in Table 1 in terms of the characteristics of
micropores. Note that volume fraction of the fatal micropores that directly contributed
to the ductile fracture was calculated over the search areas. The geometrical features of
the fatal micropores are close to those of the whole micropores, the only notable

difference being that local micropore volume fraction is more than double in the former
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case, implying that agglomerated micropores tend to serve as the initial trigger for

ductile fracture.

5. Validation of the hydrogen micropore mechanism ductile fracture

It is reasonable to assume that there is a vacuum inside the microvoids,
whereas pre-existing micropores are filled with hydrogen [15]. This implies that if
pre-existing hydrogen micropores contribute to ductile fracture, hydrogen trapped in the
micropores is instantaneously released from the specimen at the moment of rupture. Fig.
11 shows stress-strain curves in the tensile tests, together with hydrogen desorption
curves. Gradual hydrogen release is observed (Fig. 11) during plastic deformation as a
result of dislocation movement along the slip planes [13]. This is followed by a sharp
hydrogen emission peak when the final rupture occurs, in both materials, strongly
suggesting that pre-existing hydrogen micropores are located on the fracture surface.
Given that the gas pressure in each micropore is in thermal equilibrium with the surface
tension, we can expect 3.52 x 107 cm®/m? of hydrogen to be released from the
micropores that have merged into the fracture surface in material HH. However, only
2.24 x 10° cm3/m? of hydrogen was emitted during the final rupture. It seems most
likely that the hydrogen stored in the micropores had already been desorbed during the
heat treatments in the sample preparation process, or redistributed into the alloy due to

the significant increase in dislocation density during tensile deformation [15].

6. Industrial implications of the finding
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The number of pre-existing micropores described here is typical of, or
somewhat less than, the number found in engineering aluminium alloys. It is therefore
reasonable to infer that an identical fracture mechanism operates in other aluminium
alloys, and even in other structural metals that contain supersaturated gas.

The current industrial processes used to control mechanical properties, which
optimise the species, size and spatial distribution of dispersion particles, are based on
the conventional fracture mechanism. However, we suggest that microstructural factors
that have been largely disregarded, such as hydrogen content and the size and spatial
distribution of micropores, dominate the mechanical properties of metallic materials.
For example, metallic materials are subjected to high-temperature heat treatments, such
as homogenisation and solution treatments, to eliminate solute segregation and coarse
dispersion particles. It has been believed that long-term high temperature exposure is
effective for this purpose unless other factors such as grain growth play a role. However,
in the light of the finding reported here, such intense heat treatment must have the
opposite effect on the mechanical properties, since hydrogen micropores grow readily
during high temperature exposure.

For example, analytical expressions have been well developed for the kinetics
of dissolution of particles in the surrounding matrix. According to Aaron et al. [27], the
total time for dissolution under volume-diffusion control, tp, is expressed as to=Ro*/kDy,
where Ro is the initial radius of particles, k is the supersaturation parameter, and Dy is
the volume-diffusion coefficient. Given that the majority of dispersion particles in the
materials used are Al.Cu, tp~18,996 sec at 673 K and 487 sec at 768 K for measured
Ro=1.7 um for material HH, with k=0.061 (673 K) or 0.147 (768 K) and Dy for Cu in Al.

This implies that the homogenisation treatment applied in this study (673 K for 28.8 ks)
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might be reasonable, while the solution treatment at 768 K for 7.2 ks is roughly 15
times longer than the time necessary to dissolve the Al,Cu particles. Since it has been
proved that hydrogen micropores exhibit Ostwald ripening, micropore diameter varies
proportionally with t¥2 (t: time) [28]. Micropores therefore grow by 3.8 times during the
unnecessary solution-treatment time, implying that there is a unique opportunity for
mechanical property improvement through simply adopting a lower temperature and/or
shorter time for the solution treatment. Although it has been claimed that interdendritic
micropores in cast aluminium alloys do not completely close through extensive
deformation by hot and cold rolling [18], reducing micropores by plastic working is also
expected to lead to an effective method of improving mechanical properties. The
discovery of the real fracture mechanism have, in this way, a major influence on the
thermomechanical processes employed with metallic materials, from casting to the final

product.

7. Summary

We have focused on high-density micropores filled with hydrogen in the
aluminium alloy. We have clarified that high-density pre-existing micropores, which
were formed during the production process, exhibit premature growth and coalescence
under external loading, thereby inducing ductile fracture. The process is incidentally
supplemented by the well-established ductile fracture mechanism based on particle
damage. We have also obtained the conclusive evidence of the micropore mechanism by
the observation of an instantaneous release of gas at failure during tensile loading. We

can therefore conclude that the growth of micropores dominates ductile fracture in the
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case of the aluminium alloy. Since the material we used has a standard pore density, we
can assume that an identical fracture mechanism operates in other aluminium alloys. the
mechanical properties through homogenisation, may have entirely the opposite effect.

This revelation will have a major impact on the engineering design of metals.
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Caption list

Fig. 1 Variations of the diameter and sphericity of micropores and particles in materials
HH and LH.

Fig. 2 A series of 3D-rendered images of material HH during loading, representing the
growth of pre-existing hydrogen micropores, together with the ordinary ductile fracture
from particle damage. Particles are shown in light blue, and voids / micropores in red, in
(@) - (g), whereas underlying aluminum is not displayed; (h) shows the corresponding
outer contour of a fractured specimen.

Fig. 3 Magnified views of hydrogen pores (red), particles (light blue) and particle
damage (dark blue), representing pre-existing hydrogen micropores that caused the final
fracture (distinguished from the other micropores and highlighted in yellow) and their
subsequent growth and coalescence behaviours. Note that only the microstructural
features have been extracted; the underlying aluminum is not displayed.

Fig. 4 Stress-strain curve recorded during the in-situ tensile test of material HH. Note
that tomographic scans were performed at the specified 10 loading steps.

Fig. 5 3D-perspective views of hydrogen micropores (shown in red), together with
voids originating from particle damage in material HH, representing the early growth
and coalescence of the micropores, which is followed by the coalescence of micropores
due to additional void formation in between. Note that only the micropores have been
extracted; the underlying aluminum is not displayed.

Fig. 6 (a) and (c) are the SEM fractographs (lower fracture surface) of materials HH and
LH, respectively; (b) and (d) are corresponding tomographic images.

Fig. 7 3D-perspective views of the fracture surface, which have been reconstructed by
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extracting 500,000 locations on each fracture surface and then connecting the fracture
surface locations; (a) and (c) are those of material HH, and (b) and (d) are those of
material LH.

Fig. 8 Estimated fracture paths shown on a virtual tomographic cross section at each
loading step, in material HH. Upper (yellow) and lower (blue) fracture surfaces have
been tracked back toward the initial, pre-load state by utilizing local displacement fields
expressed with radial basis functions that have been obtained by tracking particles.

Fig. 9 Estimated fracture paths shown on a virtual tomographic cross section at each
loading step, in material LH. Upper (yellow) and lower (blue) fracture surfaces have
been tracked back toward the initial, pre-load state by utilizing local displacement fields
expressed with radial basis functions that have been obtained by tracking particles.

Fig. 10 3D-perspective views of the fracture surface, obtained with X-ray
microtomography, representing dimple patterns originating from pre-existing hydrogen
micropores (highlighted in yellow).

Fig. 11 Hydrogen desorption from specimens during tensile tests that have been
performed under an ultra-high vacuum atmosphere. The amounts of hydrogen desorbed
are expressed as ion current values. Note that abrupt increases in hydrogen desorption
are observed in both of the materials upon the final fracture.

Table 1 Results of 3D quantitative image analysis for hydrogen micropores. ‘Fatal
pores’ are those contributing to the formation of the fracture surface, which have been

extracted by means of the fracture-path tracking.

23



50 20
-®- Material HH
-O- Material LH

Q S

< <

& 2 10}

5 5

= =]

g S

I [T

0 ! !
1.5 5.0 10.0 15.0 40 60 80 100
Diameter of micro pores, d/pum Sphericity of micro pores, S, (%)
(a) Diameter (b) Sphericity
30
20F

< 20¢ s

~ ~

> =

= =

o g 10

g 10f g

i [

O‘!é- 1 0 1 1 " (P
1.5 5.0 10.0 15.0 20.0 20 40 60 80 100

Diameter of particles, d/um
(c) Diameter

Sphericity of particles, S, (%)
(d) Sphericity

Fig. 1 Variations of the diameter and sphericity of micropores and particles in materials

HH and LH.
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Fig. 2 A series of 3D-rendered images of material HH during loading, representing the
growth of pre-existing hydrogen micropores, together with the ordinary ductile fracture
from particle damage. Particles are shown in light blue, and voids / micropores in red, in
(@) — (9), whereas underlying aluminum is not displayed; (h) shows the corresponding

outer contour of a fractured specimen.
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Fig. 3 Magnified views of hydrogen pores (red), particles (light blue) and particle
damage (dark blue), representing pre-existing hydrogen micropores that caused the final
fracture (distinguished from the other micropores and highlighted in yellow) and their
subsequent growth and coalescence behaviours. Note that only the microstructural

features have been extracted; the underlying aluminum is not displayed.
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Fig. 4 Stress-strain curve recorded during the in-situ tensile test of material HH. Note

that tomographic scans were performed at the specified 10 loading steps.
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Fig. 5 3D-perspective views of hydrogen micropores (shown in red), together with
voids originating from particle damage in material HH, representing the early growth
and coalescence of the micropores, which is followed by the coalescence of micropores
due to additional void formation in between. Note that only the micropores have been

extracted; the underlying aluminum is not displayed.
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Fig. 6 (a) and (c) are the SEM fractographs (lower fracture surface) of materials HH and

LH, respectively; (b) and (d) are corresponding tomographic images.
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(a) Upper fracture surface (HH)  (b) Upper fracture surface (LH)

(¢) Lower fracture surface (HH)  (d) Lower fracture surface (LH)

Fig. 7 3D-perspective views of the fracture surface, which have been reconstructed by
extracting 500,000 locations on each fracture surface and then connecting the fracture
surface locations; (a) and (c) are those of material HH, and (b) and (d) are those of

material LH.
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Fig. 8 Estimated fracture paths shown on a virtual tomographic cross section at each
loading step, in material HH. Upper (yellow) and lower (blue) fracture surfaces have
been tracked back toward the initial, pre-load state by utilizing local displacement fields

expressed with radial basis functions that have been obtained by tracking particles.
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Fig. 9 Estimated fracture paths shown on a virtual tomographic cross section at each
loading step, in material LH. Upper (yellow) and lower (blue) fracture surfaces have
been tracked back toward the initial, pre-load state by utilizing local displacement fields

expressed with radial basis functions that have been obtained by tracking particles.
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Fig. 10 3D-perspective views of the fracture surface, obtained with X-ray
microtomography, representing dimple patterns originating from pre-existing hydrogen

micropores (highlighted in yellow).
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Fig. 11 Hydrogen desorption from specimens during tensile tests that have been
performed under an ultra-high vacuum atmosphere. The amounts of hydrogen desorbed
are expressed as ion current values. Note that abrupt increases in hydrogen desorption

are observed in both of the materials upon the final fracture.
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Table 1 Results of 3D quantitative image analysis for hydrogen micropores. ‘Fatal

pores’ are those contributing to the formation of the fracture surface, which have been

extracted by means of the fracture-path tracking.

Properties Material HH Material LH
Number of N Fatal pores 658 820
HmDEL OF POTES, Ty Whole pores 37,505 34,096

. Fatal pores 2.8 2.6

Average diameter, d / um
Whole pores 2.8 2.5
o Fatal pores 70.6 68.7

Average phericity, S, (%)
d Whole pores 69.4 69.0
o Fatal pores 0.63 0.48

Volume fraction, V(%)

Whole pores 0.27 0.19
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